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ABSTRACT
The Mars Gravity Biosatellite will house fifteen mice in a low Earth orbit satellite
spinning about its longitudinal axis. The satellite's payload thermal control system will
reject heat through the base of the payload module and provide air circulation vital to
maintaining a habitable environment for the mice. The centripetal acceleration due to
rotation creates the tendency for heated air to move by free convection toward the axis of
rotation.
Dominance of forced convection throughout the payload module will ensure nearly
isothermal air and effective heat rejection from the payload to the bus module via
fan/heatsink/thermoelectric cooler units. Circulation effectiveness is measured by the
Richardson number, which expresses the ratio of the influence of free convection to the
influence of forced convection in a mixed-convection flow. Experiments were executed
with the current circulation system to determine the forced convection flow velocity. The
free convection flow parameter was determined theoretically.
Cross-flow fan/heatsink units mounted on the baseplate rim created low Reynolds
number (88-985) flow throughout the enclosure. The calculated Richardson number for
the worst-case 19°C difference between heated components and cooled air is between
0.78 and 2.34. For a realistic steady 3°C-80 C temperature difference, the calculated
Richardson number for the overall flow field is between 0.22 and 0.37. It was found that
the flow capacity of the fan/heatsink assemblies must be increased from 1CFM to 5CFM
to achieve the desired dominance of forced convection (a Richardson number of 0.1) in
the worst-case on-orbit scenario. Increasing the capacity of the circulation system would
allow for recovery from worst-case thermal scenarios under spaceflight conditions and
allow a fraction of the cooler units to be powered during normal spaceflight conditions.
The methods used here are scalable to analysis for the design of rotating human
habitation vehicles.
Thesis Supervisor: John E. Keesee, Col., USAF (retired)
Title: Senior Lecturer, Department of Aeronautics and Astronautics
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I Introduction
The Mars Gravity Biosatellite is a project which will house fifteen mice in a low Earth
orbit (LEO) satellite spinning about its longitudinal axis. The rotational velocity of the
satellite will create a centripetal acceleration at the floor of the mouse habitat cages
equivalent to 0.38g, the gravitational acceleration on the surface of Mars.
The payload module of the satellite houses the mice, atmospheric filters and pumps,
cameras, sensors, and computer. One of the primary requirements for the payload
module is the rejection of heat through the base of the payload into the satellite bus
module, where it can be radiated to space. Since the payload is surrounded by a heat
shield, the capsule is nearly perfectly insulated, save at the structural interface with the
bus module.
Adequate air circulation within the payload module is vital to maintaining a habitable
environment fobr the mice in their habitats. The centripetal acceleration due to rotation
creates the tendency for heated air to move by free convection toward the axis of rotation.
By ensuring that forced-convective flow dominates convection in the enclosure, pockets
of hot air will not be created inside the enclosure. Most importantly, hot air will not
congregate at the axis of rotation. Thus, the atmosphere within the enclosure is ensured
to be roughly isothermal.
Adequate air circulation also ensures effective heat rejection from the payload module to
the bus module via the currently specified fan/heatsink/thermoelectric cooling unit (TEC)
subassemblies. These units circulate and remove heat from the air, rejecting heat to the
bus module. The average heat load from the payload is currently estimated to average
70W, with peak consumption of 104W and duty cycled power of 64W. 1
This analysis measures the effectiveness of the current forced-convection air circulation
system in the Mars Gravity payload bucket enclosure. Circulation effectiveness is
described by the Richardson number, a parameter which expresses the ratio of the
influence of free convection to the influence of forced convection in a mixed-convection
flow experiencing heat transfer. Experiments were executed with the current specified
circulation/cooling system to determine the forced convection flow parameter. The free
convection flow parameter was determined through theory.
In addition to fan/heatsink/TEC assemblies, the mouse cage air circulation blower and the
Hargraves BTC-IIS atmospheric filtration pump contribute additional forced convection
effects within the payload bucket. This analysis represents the worst-case air circulation
scenario where the fans alone must maintain habitable conditions within the payload
bucket.
1 Baldessara, M., Working Mass and Power v2 for Mars Gravity Biosatellite.
2 Theory
2.1 Mixed Convection, the Richardson Number
Free convection is buoyancy-induced movement of a fluid, created by density differences
in the fluid itself. Density differences arise most commonly in low-speed flows, such as
the pressurized environment of the Mars Gravity payload, due to temperature change. As
the temperature of a region of fluid increases, its density decreases, causing it to become
buoyant relative to the surrounding fluid and rise.
Free convection occurs in a non-isothermal fluid under the influence of a force field. On
Earth, this force field is a roughly uniform gravitational pull of 9.81m/s 2 (ig). Much of
the current literature on free convection focuses on natural convection analysis under this
uniform force field. Past work on the convective heat transfer system in the Mars Gravity
payload bucket approximated free convective heat transfer using formulations for Earth
gravity. 2
A strong dependency of buoyancy force on position, such as a rotating environment,
requires a reformulation of the Grashof number Gr used for free convection analysis.
The texts of Gebhart3 and Martynenko4 contain lengthy sections on formulating the
Grashof numbers for various geometries and force fields, which are used to compute the
dimensionless heat transfer coefficient (Nusselt number) for the given scenarios.
The Mars Gravity biosatellite spins about its longitudinal axis to create a centripetal
acceleration at the floor of the mouse habitat cages. For fixed rotational velocity, the
magnitude of centripetal acceleration increases linearly with radial position within the
enclosure, so the force field encouraging free convection is strongly dependent on radial
position. The force field g may be defined as
g = 2 r (equation 1)
if the microgravity force field experienced by satellites in low Earth orbit (LEO) is taken
to be negligible. Coriolis accelerations are neglected in these calculations.
The Grashof number is computed by the equation
g/FATL3Gr 2 , (equation 2)V
where g is the force field on the fluid, f is the volumetric thermal expansion coefficient
of the fluid, AT is the temperature difference between the fluid and the heated surface, L
is the characteristic length of the heated surface, and v is the kinematic viscosity of the
fluid.
2 Pamess, A.J., "Comparison of Heat Sink and Fan Combinations and Thermal Electric Coolers for use in
the Mars Gravity Biosatellite".
3 Gebhart, B. et al., Buoyancy-Induced Flows and Transport.
4 Martynenko, O.G. and Khramtsov, P.P., Free-Convective Heat Transfer.
Analytical solutions of the Grashof number for a given component in the payload
enclosure are readily available through
* temperature requirements prescribed by the mission science requirements and
* length-scales prescribed by the payload design geometry.
Thus, the major challenge in determining a mixed convection parameter for points in the
enclosure is in determining the magnitude of the flow field within the enclosure, which
will yield the forced-convective flow velocity.
Forced convection in the Mars Gravity satellite is created by the fans and pumps involved
in circulating air through the mouse cages, atmospheric filters, and heat exchangers. All
heated surfaces are thus cooled by mixed convection, the combination of free convection
and forced convection.
Heat transfer under forced convection shows a strong dependence on the Reynolds
number Re, a nondimensional parameter describing the velocity of the forced flow. The
Reynolds number is computed by the equation
Re = uDh (equation 3)
V
where u is the forced-convective flow velocity, and Dh is the characteristic length of the
duct in which the fluid is flowing, also known as the hydraulic diameter.
Gebhart shows that mixed-convective heat transfer shows a strong dependence on the
ratio of the Grashof number to the Reynolds number. The Richardson number Ri is
defined as
Gr
Ri = . (equation 4)
Re2
The mixed convection parameter changes with heat transfer boundary conditions and the
relative strength of free and forced convection. In the case where buoyancy forces
dominate the flow, the parameter becomes Gr/Rel/2 5 6
Incropera and Dewitt7 define three regimes of the Richardson number.
* Ri<<l is the regime wherein heat transfer is dominated by forced convection.
* For Ri=l, free and forced convection both contribute to heat transfer ("mixed
convection"), and
* Ri>>l is the regime wherein heat transfer is dominated by free convection.
Analytical solutions via perturbation theory or numerical solutions are available for all
three regimes.
5 Gebhart, B. et al., Buoyancy-Induced Flows and Transport. p.469.6 Martynenko, O.G. and Khramtsov, P.P., Free-Convective Heat Transfer. p.442.
7 Incropera, F.P. and Dewitt, D.P. Fundamentals of Heat Transfer. Ch.9.
2.2 Boeing's Analysis for Mixed Convection Aboard the ISS
The results of an International Space Station (ISS) design document by Boeing engineers8
shows that the air flow field in a space vehicle under microgravity may be approximated
under 1g. These findings validate experimental measurement of forced-convection flow
velocity in prototype vehicles on Earth.
The Richardson number was used to confine free-convective effects to the region near the
heated wall (AT=3*F) for mixed-convective flow testing of an ISS compartment under
1g. The compartment of hydraulic diameter 2.2m had an air circulation system designed
to produce a free-stream forced convection velocity of approximately 0. 15m/s. The
magnitude of free-stream velocity overshoot in the near-wall region was compared for
various values of the Richardson number.
It was found that buoyancy-driven flow could be confined to within 5.7cm of the heated
wall. For low values of the Richardson number, results from flow testing under Ig were
found to closely match CFD results of simulated spaceflight.
A second Boeing ISS paper9 verifies the results of a visualization of the spaceflight flow
field performed under Ig. Due to negligible gravity-induced density difference in a well-
mixed isothermal fluid, it was found that forced-convection flow in an enclosure under
spaceflight microgravity could be approximated under Earth gravity by ensuring the air in
the enclosure -was isothermal.
Thus, forced convection results may be obtained without accounting for free convection
and used in vehicle fitness calculations. According to the specifications of temperatures
in the Mars Gravity mission science requirements , this is likely to be a good first-order
approximation of the global flow field in the Mars Gravity vehicle. The experiment
detailed in this project is based on a similar analytical procedure.
2.3 Mixed Convection Heat Transfer
Future work on the Mars Gravity Biosatellite will require detailed analytical solutions of
the coefficient of heat transfer for each of the heat-producing components in the payload
to theoretically determine heat transfer characteristics for a large number of spaceflight
configurations. For a first-order calculation, any component may be modeled as a flat
surface with a given characteristic length, orientation, and heat flux. The known and
estimated heat flux values for each of the payload components are published in an
internal Mars Gravity document".
For co-current laminar flow of free and forced convection on a vertical plate with the
conditions 15<Re<10 4 and 2300<Ra<10 9, the average Nusselt number for constant heat
flux is given by
8 Son, C.H. and Lin, C.H. The Effect of Gravity-Induced Buoyancy on Velocity Measurement.
9 Lin, C. and Son, C.H. CFD Simulation on the Airflow and C02 Transport in the U.S. Lab: ISS Flight 5a
Configuration.
'0 Wagner, E.B., Mars Gravity Science Requirements Document. p.17.
1 Baldessara, M., Working Mass and Power v2 for Mars Gravity Biosatellite.
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(Nu - Nu )fB
A8 ie Pr" /3
1 3AcRal/4f B
=1+ As Pr"l fc (equation 5)
where fc (Pr) = + (C Pr) 2/3 )1/4, f (Pr)=(1+(C / Pr) 6 )49, A=0.656, Ac0.669,
CB=0.0205, Cc=0.437, and Nuo=0. 12 This value of Nu may be up to 10% in error. Other
values of AB, Ac, CB, Cc, and Nuo may be chosen for equation 5 to compute local and
average Nusselt numbers for vertical plates, horizontal cylinders, and spheres with
constant wall temperature or constant heat flux.
For counter-current laminar flow of free and forced convection on a "semi-infinite
inclined flat heated or cooled plate" with variable plate inclination angle a, the local
Nusselt number for constant heat flux is given by
(ANf')34 f2N Gr .Resin ax
+ J Grx sin a J
1114
(equation 6)
where f,A = 0.3320 and f = ((0.8309Pr"' -32 + (0.6231 Pr"6 )-3.2 1/3.
Equations 5 and 6 may be used ifRi=l. Nusselt number correlations for pure forced and
pure free convection are widely available in introductory heat transfer literature.
2.4 Pitot Tube
A Pitot tube measures the velocity of an incompressible flow by its stagnation pressure.
Along a single streamline of the flow, Bernoulli's equation states that between two
points, velocity u, pressure P, and height h are related by
u2 2• gh 2 2 + gh ,
2 Pg 2 pg
(equation 7)
where p is the density of the fluid and g the gravitational acceleration. Neglecting
gravitational effects, bringing the flow to stagnation at the second point in the streamline
reduces this equation to
2 =u1= (P2 g ) (equation 8)
In the case of anemometer calibration described in section 3, a digital pressure gauge
measures the pressure difference between the atmosphere and the stagnation pressure of
the flow.
12 Martynenko, O.G. and Khramtsov, P.P., Free-Convective Heat Transfer. p.435, eqn. 7.2.2.
13 Martynenko, O.G. and Khramtsov, P.P., Free-Convective Heat Transfer. p.448, eqn. 7.2.17.
Nu x = Rel/2
II . "
2.5 Hot Film Anemometer
A hot-wire or hot-film constant-temperature anemometer measures the velocity of a gas
flow by the power dissipated through convection as gas flows around it. A feedback
controller controls the voltage across the anemometer to keep its temperature constant as
the flow velocity changes. By equating electrical power dissipation to convective heat
transfer and substituting the heat transfer coefficient h=a+b u, where u is the flow
velocity, the voltage V is related to u by
V 2 = (a + b•u)AfiImRfim (Tflm - Tair ), (equation 9)
which reduces by lumping all constants into two parameters Co and C,
V2 =C O + C, . (equation 10)
2.6 Internal Flow Profiles
The payload bucket enclosure contains the fifteen mouse cages, the cages' supporting
structure, an oxygen tank, and eleven fan/heatsink/TEC assemblies. All of these
components are arranged symmetrically about the axis of rotation of the satellite. The
mockup payload components for this experiment's flow tests are shown in a top-down
view in Figure 1.
Mouse cages (15)
.Filters
-Oxygen tank
Figure 1: Top-down view of the Mars Gravity payload mockup showing the
fifteen mouse cages, oxygen tank (center), and atmospheric filters, all of which
exhibit a high degree of radial symmetry.
Due to the high degree of radial symmetry of major components in the payload bucket,
the hydraulic diameters and characteristic lengths used to describe flow geometry may be
taken from a rough cross-section of the simplified model of major payload components,
as illustrated in Figure 2.
To better accommodate bench-top experiments, the mockup payload enclosure varies in
size and shape from the current satellite CAD design to better accommodate bench-top
experiments. Direct measurements of the mockup yield the dimensions of the cross-
section shown in Figure 2.
5.07
F
Figure 2: View of the Mars Gravity mockup payload enclosure in cross-section.
Due to discrepancy between the satellite CAD model and the actual mockup,
measurements reflect the size of the mockup. The high degree of radial
symmetry of components in the mockup enclosure allows flow geometry to be
established by the dimensions (in inches) of the cross-section.
Approximating the complex internal geometry of the enclosure as a system of two-
dimensional ducts allows for application of relatively simple fluid dynamic models. The
two-dimensional geometry of Figure 2 may be approximated as a system of two-
dimensional constant-width ducts. In this simple case, the fully-developed laminar-flow
velocity profile would take parabolic shape
u(r) = 2uag 1- R2 (equation 11)
in a duct of half-height R. The hydrodynamic entry length for laminar flow is given by
xiam = 0.03Dh ReD, (equation 12)
from the analytical solution for laminar flow. 14
2.7 t-Statistic and Propogation of Uncertainty
To quantify the precision of the line of best fit generated from Pitot tube calibration data,
the t-statistic method of determining uncertainty for small data sets was used.15 The
14 Hughey, B.J. and Hunter, I.W., "Volumetric Fluid Flow Measurement".
15 Beckwith, T.G., et al., Mechanical Measurements. p.70-75.
..I.
standard error (sy) and standard deviation (S,) parameters for the set of n data points in
the calibration data were computed. Standard error is given by
S 1 (x - Xi,Xitted) (equation 13)
where xi is the i th experimental data point and xifitted is the corresponding point on the line
of best fit. These parameters were used to compute the precision uncertainty of the
intercept
(equation 14)1 /i
2
Pco = to.osyx - + 2
n SXX
and of the slope
S,PcI = to.os YSXX
of the line of best fit. to.os is the t-value which gives a 95% confidence interval for
sample size n. 16
The uncertainties arising from the anemometer calibration are tracked through the
propagation of uncertainty, used in this case to determine uncertainty in the airflow
velocity and the Reynolds number. This theorem approximates the uncertainty u, in the
velocity as a linear function of the uncertainties Pco and Pci:
(equation 15)
22
dv )C
u, = Pco I+I-Pc, P ,I
DCo DC,
(equation 16)
where air velocity is given as a function of anemometer voltage reading V by the
calibration line
(equation 17)
Similarly, uRe in the Reynolds number is computed as a linear function of the
uncertainties Pco and Pc1:
aRe
-Pco
+ (8Re
a c, (equation 18)
2
U V2 0
Cl
URe =
16 Beckwith, T.G., et al., Mechanical Measurements. p.82-85.
3 Experimental Procedure
3.1 Mockup Apparatus
The mockup payload enclosure used in this experiment, shown in Figure 3, was
fabricated by Andrew Heafitz for the Mars Gravity payload team. The base is made of
welded 3/16" aluminum sheet, and is bolted to the polycarbonate enclosure and canopy
using steel hardware. The assembly is sealed with V2" rubber O-rings mounted at the two
flanged interfaces, and leak-proofed with RTV silicone sealant.
Figure 3: Mockup payload bucket for engineering tests. The transparent canopy
is made of polycarbonate, the base 3/16" aluminum, and the assembly sealed
with "/2 rubber O-rings and RTV silicone sealant. Foamcore mockups of the
atmospheric reconditioning unit (top), habitat modules, and nitrogen/oxygen tank
(not pictured) were used to simulate the internal geometry of the payload bucket.
Cooling System Package
The currently specified TECs, heatsinks, and fans17 for cooling and circulating air within
the mockup enclosure compose a package which is nearly three inches tall, shown in
Figure 4. The impingement configuration has a tall profile and is suitable for position 2
marked in Figure 5.
17 Leong, M. and Richard, J.D., "Thermal System Progress Summer 2006" for Mars Gravity Biosatellite.
p.5 .
Figure 4: The fan/heatsink impinging-flow configuration. This was the
configuration used for position 2 testing.
This configuration, which produces airflow impinging on the heatsink, only fits in the
relatively open space available in the base of the mockup enclosure called position 2.
The 1.97 inch fans' 8 were used to cool the pin-fin heatsinks 19. Eleven fans were run at
12V from a DC power supply, drawing a total of 1.12A. Using experimental data
obtained via earlier tachometer readings20, this is 3000+300 revolutions per minute.
From the fan specification sheet, this would yield a flowrate of 14.1CFM in free air and
produces 24.0dB of noise.
The issue with position 2 is that it has less-preferable air circulation characteristics due to
the difficulty involved with removing cooled air from the "trough" of the base and
circulating it about the payload bucket. But there is plenty of vertical clearance above any
fan assembly which would be placed in position 2, as shown in Figure 5.
18 Panasonic NMB-MAT FBL06A fan. Specification sheet last accessed May 5, 2007 at
http://www.panasonic.com/industrial/appliance/pdf/fans/i/fbl06a.pdf.
19 CoolInnovations Inc. heatsink, product 2-252517R. Specification sheet last accessed April 28, 2007 at
http://www.coolinnovations.com/pdfs/2-252517R.pdf.
2 0 Leong, M. and Richard, J.D., "Thermal System Progress Summer 2006" for Mars Gravity Biosatellite.
p.7.
Figure 5: Cross-sectional layout of the engineering mockup for airflow testing.
The position 2 fan/heatsink mounting position and experiment A and B
anemometer positions are labeled. In the center is the nitrogen/oxygen tank, and
shown in outline are the habitat modules and a cross-section of the atmospheric
reconditioning canister toward the nose of the spacecraft.
The current CAD drawing of the payload bucket allows 1.97 inches between the bottoms
of the cages and the rim of the aluminum base. The rim of the mockup base under the
cages (position 1) was the original intended site for mounting all 11 TEC/heatsink/fan
assemblies, as shown in Figure 6.
Figure 6: Cross-sectional layout of the engineering mockup for airflow testing.
The position 1 fan/heatsink mounting position and experiment C, D, and E
anemometer positions are labeled. In the center is the nitrogen/oxygen tank, and
shown in outline are the habitat modules and a cross-section of the atmospheric
reconditioning canister toward the nose of the spacecraft.
The height of the fan/heatsink assemblies prohibits their use in position 1. Standard
design practice also allows for at least one fan diameter of airspace above such an
assembly, which would add nearly two inches more to the required air gap height.
The crossflow fan/heatsink configuration, shown in Figure 7, was created in response to
the limited vertical clearance available between the rim of the mockup enclosure and the
bottoms of the mockup cages. The fan and heatsink were connected in an improvised
crossflow configuration to simulate the flow characteristics of a fan/heatsink combination
designed for crossflow use.
The same fans and heatsinks used in the position 2 impingement configuration were used
here. The eleven fans were again run at 12V from a DC power supply, drawing a total of
1.12A. Using experimental data obtained via earlier tachometer readings, this is
3000+300 revolutions per minute.
Figure 7: The fan/heatsink crossflow configuration used for position 1 testing.
The impingement-flow heatsinks were used in this case to approximate the flow
and pressure-drop characteristics of a heatsink designed for crossflow.
In this experiment, position 2 was tested with the existing impinging-flow fan/heatsink
assemblies. Position 1 was tested with the improvised cross-flow fan/heatsink assemblies.
The cage/filter structure was raised to its maximum height to allow for adequate
clearance between the cages and the fan assemblies.
3.2 Calibration Instrumentation
The apparatus used to calibrate the hot wire anemometer is presented in Figure 8:
Figure 8: The apparatus used to measure the flow speed of nitrogen to calibrate
the hot film anemometer. The flowrate of nitrogen into the flow tube is read at
the flow meter, and the hot film anemometer's voltage and position are read out
of the DMM.
Tanks of pressurized nitrogen supply gas at a variety of flow rates, determined by the
pressure drop across the tank's regulator. An Omega FMA-A2322 flow meter reads out
the volumetric flow rate of gas, and is joined to the flow tube by 7/16" O.D. plastic
tubing. The flow tube measures 1.78 inches in inner diameter and 33 inches in length.
The TSI hot film anemometer is oriented parallel to the axis of the flow in the tube, and
powered by an HP E3610A DC power supply producing 15V. The Pitot tube is also
oriented parallel to the axis of the flow in the tube, and joins to a Druck DPI705 digital
pressure gauge which directly measures the stagnation pressure of the flow.
3.3 Experiment Instrumentation
The apparatus used to measure the airflow speeds in the mockup is presented in Figure 9:
Power Power
Supply Supply
Fans (11) Mockup Hot Film Bridge DMM
.HAnemometer
Figure 9: The apparatus used to measure the flow speed of air in the payload
mockup.
One DC power supply powers all of the eleven fans placed in the mockup enclosure. The
hot film anemometer, positioned inside the mockup, was powered through its controller
by another DC power supply. The power dissipated by the hot film anemometer was
measured on a digital multimeter voltage readout. Omega K-type thermocouples 21,
shown in Figure 10, were used to monitor the air temperature.
Figure 10: Omega K-type thermocouples used in the mockup experiment to
measure air temperatures at the bottom and top of the enclosure.
3.4 Calibration Methods
Anemometer Calibration
In otherwise stationary air, the hot wire anemometer dissipates enough power to
encourage free convection of air off of the heated film. For all calibration and
experimental measurements, it was ensured that forced convection dominated heat
transfer from the film by keeping forced-convection flow speed well within the laminar
regime.
The calibration required to extract an airspeed measurement from the anemometer
readout was a voltage-to-velocity conversion. The Pitot tube and anemometer were
alternately positioned in front of eight different velocity flows strong enough to make
natural convection from the anemometer negligible. This generated eight values of the
voltage across the anemometer V with corresponding known stagnation pressures P.
Stagnation pressure was related to the velocity u of the nozzle flow by equation 8.
Equation 10 lumps all calibration constants into Co and C1, respectively the intercept and
slope of the graph of the square of anemometer voltage, V2, versus u1/2. A linear
regression on this data with a 95% confidence interval provides the intercept
C0=7.378±0.498 and the slope Cp=6.040±-0.276 of the calibration line, as shown in Figure
3. The t-statistic method of uncertainty analysis for small samples and the standard error
of the data were used to generate the precision of Co and C, (see section 2.7).
21 Omega K-type thermocouple specification sheet last accessed April 28, 2007 at
http://www.omega.com/toc asp/frameset.html?book=Temperature&file=TC GEN SPECS REF.
Figure 11: The line of best fit for anemometer voltage as a function of flow
velocity plotted with collected calibration data. The line was generated using
linear regression with vertical minimization to determine the calibration
constants of the hot film anemometer. A 95% confidence interval provides the
intercept C0=7.378±0.498 and the slope C,=6.040±0.276 of the calibration line.
Thermocouple Calibration
The assumption that air in the enclosure is isothermal is critical to the experimental
measurement of forced convection. Air temperature was monitored in the base and near
the top of the mockup enclosure, as a thermal gradient would invalidate forced-
convection flow test results.
The thermocouples were allowed to sit out in quiescent air at room temperature for one
half hour, then were plugged into the Omega thermometer one by one. The temperatures
recorded did not deviate more than 0.10C. Since the temperatures being monitored were
close to room temperature, the thermocouples and thermometer were well-calibrated for
this measurement. Thermocouple response time was not a concern, as it was found that
long-term fluctuation in air temperature was within 0. 1C for every trial.
3.5 Measurement Methods
For each of experiments A through E (see Figures 5 and 6), the hot film anemometer was
positioned in the middle of the flow it was to measure as shown in Figure 12. The
anemometer voltage was read out from the same DMM and bridge as used in calibration
(section 3.3).
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Figure 12: Anemometer setup for Experiment B. The hot wire is positioned at
the midpoint of the air gap between the cages (bottom of picture) and oxygen
tank (top).
Pairs of thermocouples were positioned near the top and bottom of the mockup enclosure,
as shown in Figure 13.
Figure 13: Thermocouples placed near the top of the mockup enclosure. Two
thermocouples were also rested on the floor of the mockup enclosure.
4 Results
4.1 Mixed Convection in the Payload Bucket
First, the anemometer was positioned directly above the fan inlet for each configuration
(impingement and cross-flow) to determine the airspeed at the fan inlet for each
configuration. The results are recorded in Table 1. Precision uncertainty in the computed
Reynolds number is propagated from precision uncertainty in the calibration of the
anemometer using t-statistic methods described in section 2.7.
Fan/Heatsink Configuration ua Re
Impingement (Position 2, shown in 0.456±0.142 m/s 2077±657
Figure 5)
Crossflow (Position 1, shown in 0.240±0.084 m/s 553±386
Figure 6)
Table 1: Fan inlet velocity data for impingement (position 2) and crossflow
(position 1) fan/heatsink configurations.
The airflow tests were run for two trials (Experiments A and B) in the impingement flow
position 2 configuration (figure 4), and three trials (Experiments C, D, E) in the crossflow
position 1 configuration (figure 7). Data were collected for 30 seconds and the mean of
the minimum and maximum recorded value for the sample period was taken as the
voltage reading for that position.
An attempt was made at flow visualization using vapor sublimed from solid carbon
dioxide. This would have confirmed the hypothesized direction of flow, confirmed
development of the flow within the enclosure, and helped to visualize any stagnated air
within the enclosure. Vapor could not be developed at a rate which allowed it to retain
visibility as it passed through the circulation fans. Furthermore, the changes in
temperature and atmospheric composition which would have resulted from such a
visualization could potentially invalidate test results.
Results for the five tests are recorded in Table 2. Precision uncertainty in the computed
Reynolds number of the flow is propagated from precision uncertainty in the calibration
of the anemometer.
Fan Position (1 or 2) and av Re
Anemometer Position (A-E)
2: between tank and cages, 0.0326 -m'f 0 m/s 0
"shoulder" of cage (Experiment A)
2: between cages and outer wall, 0.0669 mS 0 m/s 0
top of cage ( Experiment B)
1: between tank and cages, 0.240±0.084 m/s 505±353
"shoulder" of cage (Experiment C)
1: between cages and outer wall, 0.148±0.065 m/s 525±460
top of cage (Experiment D)
1: between top of filter and outer 0.210±0.078 m/s 344±256
wall (Experiment E)
Table 2: Airflow velocity data for position 2 and position 1 configurations.
Consult figures 5 and 6 for illustration of anemometer placement in each of
experiments A-E.
In both position 2 trials, the anemometer voltage fluctuated by 0.01V from the baseline
reading (all fans turned off). Since the fluctuation was equal to the resolution of the
readout, these measurements were taken to be negligibly small velocity readings.
Temperature was measured during all trials, and varied a maximum of 0. I1C between the
top and bottom of the enclosure, ensuring air in the payload bucket remained isothermal
throughout the trials. Thus, the above results may said to be purely measuring forced-
convection flow.
5 Discussion
5.1 Fan Inlet Airspeed
Since the heatsinks used in these trials are designed to be used in a vertical-impingement
configuration with fans, the evidence of decreased performance in crossflow presented in
Table 1 is to be expected. The fan inlet flowrate is 0.456m/s in impingement, and nearly
halved to 0.240m/s in the crossflow configuration due to the large pressure drop in the
flow across and downstream of the heatsink. The flow is required to make a right-angle
turn, visible in Figure 6, to follow the wall of the enclosure. This creates a significant
momentum change in the flow, which reduces the overall flowrate.
The fan specifications, referenced in section 3.1, show that free-air operation of this fan
yields 14. 1CFM of flow, or approximately 3.4m/s inlet airflow speed. Operating the fan
in close proximity to the heatsink in impingement and crossflow configurations creates a
large pressure drop in flow across the heatsink, reducing the overall air flowrate. The
overall airflow through the fan was computed by proportionality for both configurations.
According to airflow test results, the fan moves 1.89CFM in impingement and 1.00CFM
in crossflow configuration.
Heatsinks optimized for use with a crossflow fan configuration, such as elliptical-pin
heatsinks popular in consumer electronics cooling, would be appropriate for increasing
the flowrate in this application. These heatsink units would operate with smaller pressure
drops and higher heat transfer coefficients. Shrouded heatsinks, which enclose the fin
array to minimize flow bypass of the array, are popular in this application for further
improving the overall heat transfer performance of the heatsink.
5.2 Mixed Convection in the Payload Bucket
Ri for worst-case AT
With the knowledge of the radial position at which each forced-convection measurement
was taken, a theoretical Grashof number may be computed for each experimental datum
using equation 2. The following values for an example worst-case on-orbit scenario are
used in the computation.
* Gravity from equation 1, given the radial position at which the forced-convection
measurement was taken. To generate 3.73 m/s 2 centripetal acceleration at the
floor of the habitat modules, the satellite must rotate at approximately 33RPM
* Temperature difference given by a theoretical surface temperature and air
temperature. The mission science requirements document22 dictates an absolute
minimum air temperature of 180 C and an absolute maximum hot-surface
temperature of 370 C. Thus, AT=1 9°C.
22 Wagner, E.B., Mars Gravity Science Requirements Document. p.17.
* The coefficient of thermal expansion fi given by the approximation 1/Tvg, where
Tavg is the boundary-layer temperature. For ideal gases, the arithmetic mean of
surface and air temperatures are used to compute Tag.
* v, the kinematic viscosity of air, is given by fluid properties tables24 at T g.
* The length scale for the Grashof number is taken as the hydraulic diameter of the
channel in which the forced-convection measurement was taken.
These assumptions are effectively a worst-case scenario, where a theoretical surface at
maximum temperature is present at each of the locations measured in the experiments. In
steady-state, expected temperature differences are much smaller than 190C, as air will be
warmed and surfaces will be cooled.
For each experimental trial shown in Table 3, the Richardson number is computed from
the experimentally determined Reynolds number and the theoretical Grashof number
using the assumptions above in equation 4. Since Experiments A and B yielded a
Reynolds number of 0, the Richardson number could not be computed for these trials.
Experiment experimental Re theoretical Gr Ri Xe
C 505±353 6.43-105 2.34 1.73 m
D 525±460 3.47-105 1.36 0.99 m
E 344±256 9.20-104 0.78 0.53 m
Table 3: Richardson number computations for Experiments C-E, under
proposed worst-case thermal conditions. Here, the theoretical Grashof number
for free convection was based on a 190C temperature difference.
Results from Experiments C, D and E show the flow is well within the forced convection
laminar regime (Re<2300) for all trials. However, the computed development lengths for
the trials (equation 12) range from 0.53m to 1.73m. Thus, the flow is not fully-developed
at any of the points of measurement. Furthermore, as channel lengths within the
enclosure are all much smaller than the development lengths, the flow will not be fully-
developed at any point in the payload enclosure. Thus, drift in the anemometer voltage
reading may stem from unsteady patterns in the flow.
In this worst-case scenario, the Richardson number is too large, and thus the flow may
become dominated by free convection. For air in the bucket to be suitably circulated to
avoid heat buildup, forced convection must dominate heat transfer. This may be resolved
through the variation of the forced-convective airflow velocity and/or the theoretical
difference between surface and air temperatures.
Ri for realistic AT
For lower assumed steady-state temperatures of components in the payload bucket, the
Grashof number computation was re-run. Table 4 shows the assumed temperature
23 Lienhard, J.H. IV and Lienhard, J.H. V, A Heat Trasnfer Textbook, 3 rd Ed. p.403.
24 Lienhard, J.H. IV and Lienhard, J.H. V, A Heat Trasnfer Textbook, 3rd Ed., "Thermophysical properties
of gases at atmospheric pressure (101325 Pa)", p..714.
differences and the resultant Richardson numbers. The temperatures used were estimated
from measurements made of prototype hardware in the laboratory. It was assumed for
these estimates that cage surfaces would not be more than 3°C warmer than ambient air
temperature, and that the computer case would not be more than 80 C warmer than
ambient air temperature. Air temperature for these computations was set to the desired
22 0C.
Experiment AT theoretical Gr Ri
C Hottest portion of 1.02-105  0.37
cage: 25-22 = 3C
D Hottest portion of 5.53-104 0.22
cage: 25-22 = 3°C
E Computer: 30-22 3.84-104 0.32
= 80C
Table 4: Richardson number computations for each of Experiments C-E, under
approximate conventional steady-state temperatures.
Table 4 confirms that, in orbit, forced convection would largely dominate any free
convection induced by artificial gravity under normal steady satellite operation.
Required velocity for Ri=O.1 in worst-case AT
In order to provide a more rigorous engineering analysis, computations were run to
determine the required forced-convective flow velocity at each of the measurement
positions given a desired Richardson number for the worst-case temperature difference
scenario (AT=19 0C).
An adequately small Richardson number would be on the order of 0.1, assuming an
engineering safety factor of 10 to ensure complete dominance of forced convection.
Table 5 shows the computed minimum airflow velocity given a Richardson number of
0.1 at a 190 C temperature difference:
Experiment u,,i, Remiiinm
C 0.358 m/s 2536
D 0.443 m/s 1864
E 0.292 m/s 959
Table 5: Computed minimum airflow velocity and Reynolds number for Ri=0.1
given a theoretical 19'C temperature difference at each of locations C, D, and E.
The currently specified fans produce 24dB at their operating speed of 3000RPM. 25 To
produce the desired higher flow velocities shown in Table 5, fans must be carefully
selected such that they remain within the science requirements for ambient habitat noise.
Furthermore, the desired Reynolds numbers are within the transitional and turbulent
25 Panasonic NMB-MAT FBL06A fan. Specification sheet last accessed May 5, 2007 at
http://www.panasonic.com/industrial/appliance/pdf/fans/i/fbl06a.pdf.
regimes of flow. The additional noise incurred by turbulence will need to be
experimentally measured and minimized, and the convective heat transfer coefficients
will vary from the laminar correlations presented in section 2.3.
5.3 Mixed Convection in the Mouse Habitat
Creating and maintaining a habitable environment for each mouse in its cage for all flight
configurations of the payload bucket is the primary goal of the circulation and heat
management system in the payload bucket. The mission science requirements 26 detail
that air temperature in the habitat must remain between 180C and 220 C. The
requirements also detail a minimum forced-convective flow of 10 air exchanges per hour
(approximately 3.4-10 m/s) and a maximum forced-convective flow of 80 air exchanges
per hour (2.7-10-3m/s) in the habitat.
Approximating the mouse as a horizontal cylinder of maximum diameter 5cm and a
forced-convective flow through the cage of 10 exchanges/hour, the Richardson number
for a 1 C temperature difference between the mouse's fur and the ambient air is 5594.
The mouse's body temperature, at approximately 370C, is much greater than the
surrounding air temperature, but the bulk of the thermal gradient between the mouse and
air occurs within the mouse's fur due to its low thermal conductivity. For a maximum
forced-convective flow of 80 exchanges/hour, the Richardson number for a 1 C
temperature difference between the mouse's fur and the ambient air is 86.
The science requirements detail that the mice selected for spaceflight have a metabolic
heat production of 0.456+0.033kcal/kg-hr.2 7 Using a relatively high body mass of 29g,
this is equivalent to 0.015W. While not an appreciable heat load on the thermal
management system, this is certainly enough to generate a small temperature difference
between the mouse and the air in its habitat. Future work should focus on experimentally
determining the mean size (diameter and mass) of the mice and their fur temperature so
that the mice may be accurately modeled as right cylinders.
Since Ri>>1 for both bounding cases of cage ventilation, natural convection always
dominates heat transfer from the mouse to the surrounding air. The heat transfer
coefficient for the mouse in the cage is thus computable using a Nusselt number
correlation for pure natural convection.
For habitat design, the dominance of natural convection means that future work on cage
ventilation should focus on removal of heated air from the wall of the habitat facing the
satellite's axis of rotation, either through thorough mixing of the air in the cage during
ventilation, or through placement and design of the ventilation ports with the dominance
of natural convection in mind.
26 Wagner, E.B., Mars Gravity Science Requirements Document. p.17.27 Wagner, E.B., Mars Gravity Science Requirements Document. p.19.
6 Conclusions
The results from the impingement flow fan/heatsink configuration mounted in the
baseplate cavity (position 2, see Figure 5) did not achieve measurable forced-convective
flow in the enclosure. Position 2 was dismissed as a viable option for positioning
circulation fans and heat exchangers in the design.
Experiments C, D and E (see Figure 6) were performed with the cross-flow fan/heatsink
configuration mounted on the baseplate rim (position 1). These trials were found to
create low-Reynolds-number (344+256 to 525±460) flow throughout the enclosure.
Given a worst-case 190C temperature difference between heated components and cooled
air, this forced-convective flow creates an overall flow field with Richardson numbers
between 0.78 and 2.34. Given a realistic steady 3°C-80 C temperature difference between
components and air, the Richardson number for this forced-convective flow field shrinks
to between 0.22 and 0.37.
The flow capacity of the fan/heatsink assemblies must be increased from ICFM up to
approximately 5CFM to achieve the desired dominance of forced convection (Ri=0. 1)
throughout the enclosure in the worst-case on-orbit scenario. In order to achieve this
increase in circulation capacity, air circulation hardware should be specified with low
flow-impedance heatsinks, such as elliptical-pin fin enclosed units, and high-flowrate
fans.
These fan/heatsink assemblies require a flowrate capacity of approximately 5CFM to
accommodate the required increase in flow from experimental Reynolds number values
(Table 3) to worst-case estimates for required Reynolds number values (Table 5). These
changes would increase the capacity of the circulation system to recover from the worst-
case thermal scenario under spaceflight conditions.
Fan/heatsink assemblies with the capacity for this flowrate would grant the thermal
control system the ability to power a fraction of the fan/TEC assemblies during normal
spaceflight conditions. Having the capacity to operate at drastically higher heat rejection
rates than the average 70W load is vital to maintaining the required temperature in the
payload module, as the payload thermal control system is the only active thermal control
system currently specified for the satellite.
Impingement-flow fan/heatsink/TEC assemblies would be an effective choice for
optimizing the performance of the TECs, as positioning them as close as possible to the
satellite bus eases the difficulty of heat rejection. Thus, a circulation system which
utilizes a hybrid approach of fan/heatsink/TEC assemblies in the baseplate cavity
(position 2) and additional circulation fans elsewhere in the enclosure is a viable option
for the heat management system. Future experiments should assess the option of fan-
only systems beneath each habitat module which transfer air toward combined
fan/TEC/heatsink units at the bottom of the baseplate cavity.
In addition to these eleven fan/heatsink assemblies, the cage air circulation blower
(approximately 3W consumption) and the Hargraves BTC-IIS atmospheric filtration
pump (15W consumption, maximum 0.46CFM flow) will circulate air within the payload
bucket. Thus, the theoretical calculations carried out herein represent the worst-case
circulation scenario where fans alone must maintain habitable conditions within the
payload bucket.
Future work on the air circulation system should involve a flow visualization to confirm
the hypothesized direction of flow, confirm development of flow within the enclosure,
and visualize any stagnated air. This work should be performed such that the air remains
isothermal and the composition of the atmosphere remains close to its original density.
6.1 Design Principles for a Rotating Human Habitation Vehicle
The experimental methods and analysis used in this work are scalable to analyses for the
design of rotating habitation vehicles. These methods are outlined below.
1. The marriage of forced-convection measurements and analytical solutions for
free-convection determine the Richardson number parameter for mixed-
convection flow.
2. The maximum allowable mixed-convection flow parameter for a given location in
the vehicle is determined by the engineering requirements for heat transfer and the
science requirements for the habitants.
3. The required air circulation system capacity is based on the required overall
flowrate through circulation fans for maintaining the desired forced-convective
flow in a worst-case spaceflight scenario.
4. Approximate heat transfer coefficients are computed using correlations for free,
mixed (see section 2.3), and forced convection around simple geometries.
Computing the mixed convection heat transfer coefficient as a function of radial
position for a given component would allow for optimal placement of each heat
source within the rotating vehicle.
5. The surface temperature of each heat source may be computed or tested to raise
the accuracy of assumptions made in computing the steady-state mixed
convection parameter (Table 4). The computation could use an iterative solver
for the heat transfer coefficient to analytically determine component surface
temperature.
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